The effects of protein deficiency on the metabolism of ribonucleic acid in the liver have already been described (Munro, Naismith & Wikramanayake, 1953; Clark, Naismith & Munro, 1957) . The amount of ribonucleic acid in the liver falls rapidly during the first day of protein depletion and then becomes adjusted at a lower level. During the initial phase of reduction, uptake of 32p and of [14C] glycine by ribonucleic acid is greatly diminished. This is probably due to breakdown products of ribonucleic acid causing dilution of labelling among the precursors used for its synthesis. Feeding of protein prevents this dilution effect, as is evidenced by the rapid restoration of labelling of ribonucleic acid. This suggests that the breakdown is partly or wholly suspended while dietary amino acids are being absorbed from the gut. These findings led us to conclude that the stability of liver ribonucleic acid is determined by the supply of amino acids for synthesis of protein.
Consequently, it was of interest to know whether the metabolism of liver ribonucleic acid is affected by feeding with a protein deficient in one or more essential amino acids. This question has now been examined by using zein as the test protein.
Contrary to expectation, zein was found to be almost as effective as casein in obliterating evidence of breakdown of ribonucleic acid. Extension of these studies to mixtures of amino acids confirmed that changes in metabolism of ribonucleic acid are not dependent on all essential amino acids being fed simultaneously. Individual amino acids were then administered singly, and it was found that glycine, methionine and leucine were each capable of producing a considerable effect on the metabolism of liver ribonucleic acid. The high leucine content of zein is sufficient to account for a large part of its action on the metabolism of ribonucleic acid.
EXPERIMENTAL METHODS Animals and diets. Male albino rats weighing about 180-200 g. were housed in separate cages under thermostatic conditions. They were fed on a synthetic diet (Munro & Naismith, 1953) in two portions: the morning meal provided vitamins, minerals, 4-3 g. of carbohydrate and 0-2 g. of fat, and the evening meal contained 1-3 g. of carbohydrate, 0-5 g. of fat and all the dietary protein (2-2 g. of 21 casein). The rats quickly learned to consume these meals promptly. After about 3 or 4 days on the diet the test protein or amino acid was substituted for the casein of the evening meal; control animals received only the carbohydrate and fat of this meal. The few animals which did not eat the final meal promptly were rejected. The remainder received 40 tec of 82p by intramuscular injection 1 hr. later.
They were killed the next day, 18 hr. after injection. Thus the period of labelling coincided with absorption of the final test meal.
Removal and analysis of liver. The rats were killed by exsanguination. After perfusion with 0-9 % NaCl, the liver was excised and analysed for ribonucleic acid phosphorus (RNA P) and in some cases protein N by procedures described previously (Clark et al. 1957) . These constituents are expressed as mg./100 g. body wt., in order to indicate the total amount in the liver corrected for small variations in the initial size of the animals used.
The specific activities of the inorganic phosphate of the liver and of the individual ribonucleotides of ribonucleic acid (RNA) were measured by the procedures used earlier (Clark et al. 1957 ). In the tables, the specific activity of RNA P is given as a percentage of the specific activity of the inorganic phosphate fraction of the same liver (relative specific activity). In order to estimate the total incorporation into RNA P per liver, the total relative activity (Campbell, Olley & Blewett, 1949) The significance of the high leucine content of zein was investigated by feeding with a mixture of amino acids in the proportions found in that protein (Block & Boiling, 1951 Individual amino acids were usually given in 1 g. quantities, because this was generally the maximum amount which most animals would voluntarily consume in the evening meal. All were commercial preparations, the glycine (British Drug Houses Ltd.) being of AnalaR quality. The L-leucine (British Drug Houses Ltd.) was stated to contain traces of L-isoleucine; estimation of its sulphur content (Young, Edson & McCarter, 1949) showed that it could not have been significantly contaminated by methionine. The action of L-leucine on metabolism of RNA is unlikely to be due to contaminants, since synthetic DLleucine has a similar effect (Table 4) .
Dose-responme curves with individual amino acids. For three amino acids, the response of metabolism of RNA to different doses was investigated on rats of closely similar weight. With glycine, the mean body weight at different dose levels varied from 202 to 209 g., with methionine from 202 to 210 g., and with leucine from 175 to 188 g. The doses administered were 0.05, 0<1, 0-2, 0-4, 0-6 and 1 Og. of glycine/rat, 0 05, 0.1, 0.2, 0 4 and 0 7 g. of methionine/rat and 0.1, 0 3, 0 5 and 1 0 g. of leucine/rat.
RESULTS
In the first 24 hr. after protein has been withdrawn from the diet of the rat, there is a sharp decrease in the RNA content of the liver. Previous experiments (Munro et al. 1953; Clark et al. 1957) have shown that incorporation of 32p and of [14C]glycine into RNA is much reduced during this period; these changes were rapidly reversed by feeding with casein just before injection of the isotopes. In the present series of experiments, a nutritionally incomplete protein has been used for feeding under the same circumstances, to see whether deficiency of essential amino acids might lead to a different response in metabolism of RNA from that evoked by casein. Table 1 shows that, as observed in the earlier studies, inclusion of casein in the meal fed just before injection of isotope produced a large increase in uptake of 32p by RNA (relative specific activity and total relative activity). However, the feeding with zein had an effect which was statistically indistinguishable from that of casein and, moreover, the addition of the missing amino acids tryptophan and lysine to the zein did not alter the magnitude of the response.
In view of this finding with zein, mixtures of amino acids were tested. Table 2 shows that a mixture made up of all the essential amino acids except tryptophan increased total relative activity by 47 %, and a mixture of non-essential amino acids raised it by 136 % above the level obtained by feeding with the protein-free meal alone. The latter figure exceeds the effect of 2-2 g. of casein on uptake of 32p by RNA. When the individual nonessential amino acids were given singly in 1 g. doses (Table 3) , glycine was the only component of the mixture which caused measurable changes in metabolism of RNA. In a further experiment (not reported here) it was found that the uptake of 32P was unaffected by aspartic acid and glutamic acid even in doses of 2-2 g./rat. A dose-response curve was constructed for glycine over the range 0 05-1 0 g./rat (Fig. 1) . The metabolism of RNA was not significantly affected until 0 4 g. of glycine had been added to the protein-free meal; this distinctive pattern appeared in each repetition of the experiment and indicates a threshold dose for stimulation by glycine.
The essential amino acids (including cystine and tyrosine) were then given singly in 1 g. doses 1*1 - (Table 4) . In this instance, there was a less clearcut distinction between amino acids affecting RNA 1-0 -F metabolism and those not affecting it. Statistically significant differences between treatments which 0.9-would correspond to 1 and 5 % probability levels were established by analysis of variance of the 0*8 -results as a whole. After two amino acids, Lmethionine and DL-leucine, total relative activity 0-7 -was greater than that of the control group by a difference which exceeded the 1 % probability 0*6 -level. Feeding with L-cystine and with L-tryptophan caused increments reaching the 5 % probability 05' level, but with cystine this effect was due to one exceptionally large figure, and with tryptophan 0 I4 0 0 1-0 the response just attained the 5 % probability 0-2 0G4 0i 6 0(8 /rO level. It was considered that only with methionine Glycine (g./rat) and leucine were the effects on RNA metabolism Uptake of 82p by liver ribonucleic acid (total sufficient to justify further exploration. Dose6tive activity) after administration of different doses glycine to rats of uniform size. The rats received a respnereforecs methionme an coneucin d1 of carbohydrate and fat to which the glycine was were therefore constructed (Fig. 2, 3) . In contrast Led. 40 ,uc of 32p was injected 1 hr. after the meal and th glycne (Fig. ) , both amino acids produced a animals were killed 18 hr. later. Each point is the response in metabolism of RNA which was in from two experiments. The action of glycine on approximately linear over the dose range studied. al relative activity is highly significant (P <0.01).
All rats receiving more than 0-2 g. of methionine Vol. 69 Table 4 . Liver ribonueleic acid metabolim after admini8tration of indivdual essential amino acids Animals received a final meal of carbohydrate and fat to which was added the amino acid. The amino acids were used in 1 g. quantities. 40 Hc of 32p was injected 1 hr. after the final meal and the animals were kiled 18 hr. later. For convenience of handling, the amino acids were divided into two arbitrary groups. Figures are the means ofthree experiments. Statistical analysis shows a highly significant difference between animals fed with methionine or leucine and the control group (P <0.01). With cystine and tryptophan, the increment is just significant (P <0.05).
Uptake of 32p by RNA P in the final meal showed considerable gastric retention when killed 18 hr. later.
From these experiments it is apparent that glycine, methionine and leucine each have a considerable effect on uptake of 32p by liver RNA. Tables 3 and 4 show that, associated with this action, there is a small increment in the amount of RNA in the liver. To evaluate this change statistically, all available experiments involving these three amino acids have been collected into Table 5 . In each instance, the animals receiving the amino acid have more RNA/liver than similar control animals.
The final experiment deals with the application of these findings to the action of zein on metabolism of RNA. According to published analyses (Block & Bolling, 1951) zein contains 23-7 % of leucine, 2-3 % of methionine and no glycine. In order to determine whether the high leucine content of zein might account for its stimulant action on metabolism of RNA, rats were fed with a mixture of amino acids in the same proportions as they occur in zein. A control group received the same mixture with all the leucine replaced by an equimolar quantity of alanine. Table 6 shows that the mixture containing leucine increased uptake of 32P by 77 %, which is comparable with the action of zein (Table 1) . However, the corresponding mixture without leucine produced a 36 % increment above the basal level, which indicates that the other amino acids made some contribution to the response. This is not likely to be due to the small amount of methionine in the mixture, since reference to the dose-response curve for methionine Methionine (g./rat) Fig. 2 . Uptake of 32p by liver ribonucleic acid (total relative activity) after administration of different doses of L-methionine to rats of uniform size. The rats received a meal of carbohydrate and fat to which the methionine was added. 40 pcof 82p was injected 1 hr. after the meal and the animals were killed 18 hr. later. Each point is the mean from two experiments. The data are described by the equation Y=0-62 + 1-09X, where X is the dose of methionine, in g./rat, and Y represents total relative activity. The regression coefficient is highly significant (P <0-01).
( Fig. 2) shows that a dose of 44 mg./rat would not produce a measurable increase in total relative activity.
In the same experiment, the protein content of the liver was also examined (Table 6 ). The stimulus to metabolism of RNA is accompanied by a greater amount of protein in the liver, but the effect fails to attain statistical significance. However, significant changes were observed in the experiment in which the response of metabolism of RNA to increasing doses of L-leucine was explored (Fig. 3) . At dose levels of 0, 0-1, 0-3, 0-5 and 1-0 g. of leucine, the average protein content of the livers was 64, 65, 68, 70 and 72 mg. of N/100 g. of body wt. respectively. The correlation coefficient for these data is + 0-60, which is significant (P = 0 05-0.02). DISCUSSION
In an earlier study (Clark et al. 1957) , it was concluded that the metabolism of ribonucleic acid in the liver is influenced by the dietary supply of amino acids available for synthesis of protein. The present investigation was begun in order to test the response of the metabolism to the feeding of proteins deficient in one or more essential amino Fig. 3 . Uptake of 32p by liver ribonucleic acid (total relative activity) after administration of different doses of L-leucine to rats of uniform size. The rats received a meal of carbohydrate and fat to which the leucine was added. 40 sc of 32p was injected 1 hr. after the meal and the animals were killed 18 hr. later. Each point is the mean from three experiments. The data are described by the equation Y =0-52 +0-62X, where X is the dose of leucine, in g./rat, and Y represents total relative activity. The regression coefficient is highly significant (P <0-01). acids. It is apparent from our findings with zein that factors other than the biological value of a protein can determine its effect on metabolisn of ribonucleic acid in the liver. Certain individual amino acids, notably glycine, methionine and leucine, stimulate uptake of 32P considerably, and the action of zein is largely attributable to its high leucine content (Table 6 ). The significance of this action of individual amino acids on metabolism of ribonucleic acid has still to be explored. We can exclude the possibility that the observed changes are artifacts of isotope incorporation arising from distortion of the product-precursor relationship; after feeding with glycine, methionine or leucine there was a significant increase in the total amount of ribonucleic acid in the liver (Table 5 ). The changes in metabolism of ribonucleic acid which follow feeding with these three amino acids are probably secondary to alterations in the rate of liver-protein synthesis. In leucine-fed rats there is an accumulation of protein in the liver in parallel with the changes in uptake of 32p (Fig. 3) , and on the basis of our earlier investigations (Clark et al. 1957) we can interpret this to mean that leucine produces an increase in the rate of protein synthesis leading to greater incorporation of isotope into ribonucleic acid. Although the liver protein of glycine-fed and methionine-fed rats was not measured, it is probable that the action of these two amino acids on metabolism of ribonucleic acid can be similarly explained. Even if we accept this explanation, the mechanism underlying the increase in the protein content of the liver remains obscure. It may depend on an increased secretion of hormones from the adrenal cortex. There is evidence that perfusion of the eviscerated dog with solutions of certain amino acids leads to an increase in the secretory activity of the cortex (Vogt, 1951) , and it has been conclusively established that one action of cortisone is to cause protein to accumulate in the liver (see review by Tremolieres, Derache & Lowy, 1955) .
The nutritional significance of our findings has still to be evaluated. The addition of excessive amounts of individual amino acids to diets gives rise to amino acid imbalances and toxicities (see review by Harper, 1956) , and our observations are presumably related to such effects. When zein is the sole protein of the diet, the action of leucine does not result in any permanent rise in the amount of protein in the liver. Campbell & Kosterlitz (1948) studied the non-glycogen nonlipid solids of liver (essentially a measure of liverprotein content) during the first 3 days of feeding with a diet containing, as protein source, zein supplemented with lysine. On the first day the level of liver solids was much higher than on the first day of a protein-free diet, but by the third day the group fed on zein had lost this advantage. This suggests that the action of zein on the protein content of the liver may occur only before protein depletion has set in. SUMMARY 1. The uptake of 32P by liver ribonucleic acid has been studied after administration of certain proteins, amino acid mixtures and individual amino acids.
2. Feeding with the nutritionally incomplete protein zein resulted in the same increase in 32P uptake as did the feeding with casein. Addition of tryptophan and lysine to zein did not alter the magnitude of the response.
3. Eighteen amino acids were used for feeding singly in large doses and it was established that glycine, methionine and leucine each caused a significant increment in uptake of 32p. The responses after the feeding of methionine and of leucine were proportional to the dose administered, whereas the response to glycine occurred only after a threshold dose had been reached.
4. Experiments with a mixture of amino acids in the proportions found in zein confirmed that its high leucine content can account for a large part of its action on metabolism of ribonucleic acid.
5. The protein content of the liver is increased by administration of leucine, and it is concluded that the changes in metabolism of ribonucleic acid after the feeding of glycine, methionine and leucine are secondary to an increased rate of synthesis of liver protein.
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